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Biotechnology also holds tremendous opportunities for realizing functional polymeric materials. Biocata-
lytic pathways to polymeric materials are an emerging research area with not only enormous scientiﬁc
and technological promise, but also a tremendous impact on environmental issues. Many of the enzy-
matic polymerizations reported proceed in organic solvents. However, enzymes mostly show none of
their profound characteristics in organic solvents and can easily denature under industrial conditions.
Therefore, natural enzymes seldom have the features adequate to be used as industrial catalysts in
organic synthesis. The productivity of enzymatic processes is often low due to substrate and/or product
inhibition. An important route to improving enzyme performance in non-natural environments is to
immobilize them.
In this review we will ﬁrst summarize some of the most prominent examples of enzymatic polymer-
izations and will subsequently review the most important immobilization routes that are used for the
immobilization of biocatalysts relevant to the ﬁeld of enzymatic polymerizations.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Enzymes have excellent features (activity, selectivity, speciﬁc-
ity) for designing synthetic processes to obtain a wide range of
products under mild and environmental friendly conditions.
While the chemical, economic and social advantages of bioca-
talysis over traditional chemical approaches were recognized a
long time ago, their applications for industrial production pro-
cesses have been largely neglected until recent breakthroughs in
modern biotechnology (such as robust protein expression systems,
directed evolution, etc.). Subsequently, in recent years, biotechnol-
ogy has established itself as an indispensable tool in the synthesis
of small molecules in the pharmaceutical sector including antibiot-
ics, recombinant proteins, vaccines and monoclonal antibodies.
Biotechnology also holds tremendous opportunities for realiz-
ing functional polymeric materials. Biocatalytic pathways to poly-
meric materials are an emerging research area with not only
enormous scientiﬁc and technological promise, but also a tremen-
dous impact on environmental issues. However, this multidisci-
plinary combination is not studied extensively at this point.
At present, enzymes from 4 of the 6 EC enzyme classes are
known to induce or catalyze polymerizations. An overview of thell rights reserved.main enzyme classes and polymer systems studied so far is shown
in Table 1 (Loos, 2010).
Many of the enzymatic polymerizations reported proceed in or-
ganic solvents. However, enzymes have been optimized, via natu-
ral evolution, to fulﬁll their biological function: to catalyze
reactions in complex metabolic pathways exposed to many levels
of regulation. On the other hand, most of them show none of their
profound characteristics in organic solvents and can easily dena-
ture under industrial conditions (high temperature, solvent effects,
mechanical shear, etc.).
Therefore, natural enzymes seldomhave the features adequate to
be used as industrial catalysts in organic synthesis. Recovery of en-
zymes from reaction solutions and separation of the enzymes from
substrates and products are generally difﬁcult. The productivity
(space, time, yield) of enzymatic processes is often low due to sub-
strate and/or product inhibition. An important route to improving
enzymes’ performance in non-natural environments is to immobi-
lize thembyeither adsorption, covalent attachment or by incorpora-
tion in hydrophobic organic–inorganic hybrid materials with the
help of a sol–gel process (Tischer and Wedekind, 1999; Miletic´
et al., 2009a; Pavlidis et al., 2010; Saunders and Brask, 2010).
In this review some of the most prominent examples of enzy-
matic polymerizations will ﬁrst be summarized and subsequently
the most important immobilization routes that are used for the
immobilization of biocatalysts relevant to the ﬁeld of enzymatic
polymerizations will be reviewed.
Table 1
Overview of the main enzyme classes and polymer systems studied in the ﬁeld of enzymatic polymerizations.
Enzyme class Biochemical function in living systems Typical enzymes inducing
polymerization
Typical polymers
(I) Oxidoreducates Oxidation or reduction Peroxidase laccase Polyanilines, polyphenols, polystyrene,
polymethyl methacrylate
(II) Transferases Transfer of a group from one
molecule to another
PHA synthase, hyaluronan
synthase, phosphorylase
Polyesters, hyaluronan, amylose
(III) Hydrolases Hydrolysis reaction in H2O Cellulase, chitinase, xylanase,
papain, lipase
Cellulose, chitin, xylan, (Oligo)peptides,
polyesters, polycarbonates
(IV) Lyases Non-hydrolytic bond cleavage
(V) Isomerases Intramolecular rearrangement
(VI) Ligases Bond formation requiring triphosphate Cyanophycin synthetase Cyanophycin
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The in vitro enzymatic synthesis of polymers via non-metabolic
pathways is a relatively old area of precision polymer synthesis.
The enzymatic polymerization of polysaccharides was for instance
already reported more than 60 years ago. However, other polymer-
ization methods using cheap petroleum based monomers soon re-
placed research on biocatalytic polymerization techniques.
These days fast depletion of the petroleum stock and increase in
the cost of petroleum based monomers puts limit to their use in
the future and enzymatic polymerizations are currently facing a
renaissance. Recently some helpful reviews (Gross et al., 2001;
Kobayashi and Makino, 2009) and books (Kobayashi et al., 2006;
Loos, 2010; Cheng and Gross, 2010; Palmans and Heise, 2010) were
published that give a good introduction to the ﬁeld of enzymatic
polymerizations.
Among the enzymes used successfully for polymer synthesis,
Candida antarctica lipase B (CALB) is by far the most well-known
enzyme in literature. In most reported enzymatic polymerizations
it is used as an immobilized enzyme. Novozym 435 is a commer-
cially available heterogeneous biocatalyst that consists of CALB
physically immobilized within a macroporous resin of poly(methyl
methacrylate) (Saunders and Brask, 2010).
Polyesters are in widespread use in modern life, ranging from
bottles for carbonated soft drinks and water, ﬁbers for shirts and
other apparel, to the base for photographic ﬁlm and recording tape.
Among enzymes, lipases proved to be the most efﬁcient for the
in vitro polyester synthesis. CALB (Novozym 435) is capable of cat-
alyzing a range of organic chemical reactions, including polyester
synthesis by ring-opening polymerization of various lactones and
polycondensation reactions of diacid/diol substrates.
Lipases or triacylglycerol acylhydrolases are water-soluble
enzymes that catalyze the hydrolysis of ester bonds in water-insol-
uble, lipid substrates, and therefore comprise a subclass of the ester-
ases. Lipases are ubiquitous enzymes of considerable physiological
signiﬁcance and perform crucial roles in the digestion, transport
and processing of dietary lipids inmost of living organisms. Thus, li-
pases can be found in diverse sources, such as plants, animals, and
microorganisms. More abundantly, they are found in bacteria, fungi
and yeasts. Lipases catalyze the hydrolysis of relatively long chain
triglycerides (with acyl chain lengths of over ten carbon atoms) to
the corresponding diacylglyceride, monoacylglyceride, glycerol
and fatty acids. Since the water insoluble lipid interferes with the
water soluble lipase, digestion of these triglycerides takes place at
the water–oil interface. On the other hand, it is well known that
the reaction is reversible and lipases can catalyze ester synthesis
and transesteriﬁcation in the reaction containing lowwater concen-
trations opening up the possibility to synthesize polyester.
The in vitro polyester synthesis can proceed via two major poly-
merization modes (Gross et al., 2001; Uyama and Kobayashi, 2006;
Miletic´ et al., 2010b):(1) Polycondensation between a carboxyl group and an alcohol
group, and
(2) Ring-opening polymerization (ROP).
Okumara et al. (1984) were the ﬁrst to attempt the enzyme-
catalyzed synthesis of oligoesters from a reaction between dicar-
boxylic acids and diols. Gutman et al. (1987) reported the ﬁrst
study on polyester synthesis by enzyme-catalyzed polymerization
of A-B type monomers. Two independent groups in 1993 (Knani
et al., 1993; Uyama and Kobayashi, 1993) were ﬁrst to report en-
zyme-catalyzed ring-opening polymerization (ROP). Their studies
focused on 7- and 6-membered unsubstituted cyclic esters e-cap-
rolactone and d-valerolactone, respectively.
A variety of in vitro polyester synthesis reactions have been
developed in the last couple of decades and a couple of excellent re-
views on this topic has been published (Gross et al., 2001; Kobayashi
and Makino, 2009; Palmans and Heise, 2010; Miletic´ et al., 2010b).
Polyamides are versatile engineering plastics and excellent ﬁber
materials due to their toughness over wide ranges of temperatures.
Polyamides are synthesized via two main methods: (a) polycon-
densation of diacid and diamine, and (b) ring opening polymeriza-
tion of lactams. While there are many reports on enzymatic
polyester formation, there are, surprisingly, only few publications
on enzyme-catalyzed synthesis of polyamides which were recently
reviewed in an excellent review (Cheng, 2010).
Vinyl monomers can also be polymerized via an enzyme initi-
ated polymerization (Hollmann, 2010). Most studies conducted
so far are based on the polymerization of acrylamide and styrene
as model compounds. Among the various radical-forming enzyme
systems peroxidases and (to a lesser extend) laccases have been
used as bio-initiators. The biocatalyst of choice for these works
clearly is the peroxidase from horseradish (HRP). Other catalysts
such as soybean peroxidase, manganese peroxidase or hematin
have been used scarcely.
The excellent features of peroxidases for this type of enzymatic
polymerization originate from their natural function as radical ini-
tiators for lignin degradation and defense against pathogens via
reactive radical species. Ferriprotoporphyrin constitutes the cata-
lytically active prosthetic group of the predominant heme-depen-
dent peroxidases. Peroxidases and laccases catalyze an overall
hydrogen abstraction (either as such or in a sequence of single
electron transfer and deprotonation) from their respective sub-
strates producing the initiator radical. The reducing equivalents
liberated from the initiator precursor are transferred to suitable
electron acceptors. In case of peroxidases, hydrogen peroxide
serves as electron acceptor, whereas laccases utilize molecular
oxygen. In both cases water is the ﬁnal product (Hollmann, 2010).
Besides acrylamide and styrene the enzyme initiated polymeri-
zation of for instance methyl methacrylate (MMA), hydroxyethyl-
methacrylate (HEMA), substituted styrene, etc. using peroxidases
and laccases is reported as well (Hollmann, 2010).
Table 2
Methods used to immobilize enzymes.
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matic oxidative polymerizations of phenol derivatives to produce
novel polyaromatics and the enzymatic polymerization of electri-
cally conducting polymers such as polyaniline. More details can
be found in some recent excellent reviews (Uyama, 2010; Cruz-
Silva et al., 2010).
Polysaccharides can be quite elegantly synthesized by enzy-
matic polymerizations as well (van der Vlist and Loos, 2010a,b).
Conventional chemical synthetic approaches are, in many cases,
inadequate to provide substantial quantities of saccharides. The
difﬁculties arise from realizing complete regio and stereo-control
of the glycosylating process. Enzymatic polymerizations are there-
fore a superior alternative.
Two approaches have dominated enzyme-catalyzed saccharide
synthesis: glycosyl transferase and glycosidase-catalyzed glyco-
sidic bond formation. (van der Vlist and Loos, 2010a,b) The ﬁrst
uses the normal biosynthetic machinery of living organisms. In
the second, enzymes that normally catalyze transfer of an
enzyme-bound glycosyl residue to water are induced to transfer
it instead to a different acceptor.
By making use of the biosynthetic glycosyl transferases, it is
possible to glycosylate carbohydrate substrates. A sugar nucleotide
donor and acceptor are incubated with the appropriate glycosyl
transferase that catalyzes efﬁcient and selective transfer of the gly-
cosyl residue to the acceptor. This method has the advantage of
high efﬁciency and selectivity. Its major drawbacks are the require-
ment for a complex glycosyl donor and the relative inaccessibility
of the glycosyl transferases.
Glycosidases (also called glycoside hydrolases; EC 3.2.1) catalyze
the hydrolysis of the glycosidic linkage to generate smaller sugars.
Together with glycosyltransferases, glycosidases form the major
catalytic machinery for the synthesis and breakage of glycosidic
bonds. The native action of glycosidases is to hydrolyze glycosidic
linkages of glucans in the presence of water. These types of enzyme
catalyzed reactions are reversible andhence the glycosidic bond for-
mation is possible if the glycosyl substrate (the monomer) has a
good leaving group and if the reaction conditions, with respect to
substrate concentration, temperature and solvent quality, are well
chosen. With this it became possible to synthesize in vitro natural
polysaccharides such as cellulose, xylan, chitin, hyaluronan and
chondroitin, and also of unnatural polysaccharides such as a cellu-
lose–chitin hybrid, a hyaluronan–chondroitin hybrid, and others.
In contrast to the glycosyl transferases, the glycosidase ap-
proach uses simpler glycosyl donors which in the limit, can be
the free monosaccharide. This method has the advantage of using
relatively simple glycosyl donors and readily available robust en-
zymes. Its main disadvantage is that regioselectivity may not be
observed in all cases.
The most extensively studied system in the ﬁeld of enzymatic
polymerizations is the lipase catalyzed polymerization of polyes-
ters. Therefore the immobilization of various lipases is the most ac-
tive and intriguing ﬁeld of research in the context of our current
review. The following part on the immobilization of enzymes that
are used in enzymatic polymerizations is therefore focused nearly
exclusively on lipases. As the ﬁeld of enzymatic polymerization
develops we are sure that soon more efforts on immobilizing other
enzyme classes used for polymerizations will be published.Non-covalent
binding
Adsorptive or ionic binding onto support materials
Enzyme crystallization
Dispersing enzymes (e.g. dried enzyme powders in
organic solvents)
Covalent binding Binding onto prefabricated support materials
Cross linking
Inclusion Incorporation into polymeric networks
Incorporation into membrane device
Inclusion into membrane device3. Background on enzyme immobilization
Enzyme immobilization was ﬁrst introduced to enable the reuse
of costly enzymes. Some of the initial attempts to do this were
described during the early parts of the last century (Hedin,
1915), but the enzymes when adsorbed to charcoal proved to be
very unstable. Around the 1950s, several groups began toimmobilize enzymes onto other supports (Micheel and Ewers,
1949; Grubhofer and Schleith, 1954). Manecke was one of the ﬁrst
to succeed in making relatively stable immobilized systems of pro-
teins on polymer supports (Manecke and Singer, 1960). The ﬁrst
industrial applications of immobilized enzymes were in the pro-
duction of optically pure amino acids (Tosa et al., 1969) and the
hydrolysis of penicillin G (Carleysmith and Lilly, 1979). Since then
a lot of research has been conducted (Tischer and Wedekind, 1999;
Gross et al., 2001; Krajewska, 2004; Miletic´ et al., 2009b; Pavlidis
et al., 2010; Saunders and Brask, 2010).
The main advantages of immobilization are: (i) increased en-
zyme activity (up to a factor of 100) in organic solvents; (ii) in-
creased temperature stability; (iii) remarkable long-term
stability; (iv) increased enantioselectivity; (v) the ease with which
the enzyme can be recovered after the reaction by ﬁltration or cen-
trifugation; (vi) reusability of the enzymes even in another type of
reaction.
There are different ways to establish immobilization, often clas-
siﬁed by the type of chemical reaction used for binding (Table 2).4. Properties of immobilized enzymes
The properties of immobilized enzyme preparations are gov-
erned by the properties of both the enzyme and the support mate-
rial. The interaction between the two provides an immobilized
enzyme with speciﬁc chemical, biochemical, mechanical and ki-
netic properties (Fig. 1).
The biochemical properties of the enzyme, such as its molecular
mass, functional groups on the surface and its purity are important
factors for immobilization. The functional groups on the surface of
the enzyme for instance give information on which kind of interac-
tions between the support and the enzyme can take place. Also the
purity of the enzyme is important, since the impurities can inter-
fere with the substrates.
Other features of the enzyme that determine the parameters of
the immobilized enzyme are the reaction type and the kinetics of
the reaction that is catalyzed by the enzyme. Speciﬁc activities, ki-
netic parameters for activation and inhibition and stability against
pH, temperature, solvents and impurities have impact on the
immobilized enzyme as well.
The characteristics of the support material also inﬂuence the
properties of the immobilized enzyme. One of the most important
features of the support is the chemical structure that will deter-
mine interaction with enzymes. If the support material is highly
porous, pore size and pore size distribution will play an important
role in determining the immobilized enzyme properties. A small
pore size can cause diffusion limitation resulting in structural rear-
rangement of the enzymes and subsequent inactivity. However, for
very large pore sizes enzymes can cluster together and thus lose
activity.
The mechanical properties of the support material are crucial in
the application of the immobilized enzyme. When an immobilized
enzyme is applied in a stirred tank, it has to have other properties
Fig. 1. Properties of enzyme and support determine the properties of the immobilized enzyme (Tischer and Wedekind, 1999).
N. Miletic´ et al. / Bioresource Technology 115 (2012) 126–135 129than when it is applied in a column. In a stirred tank, the support
material must be resistant to abrasion, while in a column it has to
have some ﬂow resistance.
Support particle size is also signiﬁcant. An example of the inﬂu-
ence of particle size on the distribution of enzyme throughout the
support bead is given by Chen et al. (2007a). They examined the
CALB immobilization on methyl methacrylate resins with identical
average pore diameter (250 Å) and surface area (500 m2/g) but
with varied particle size (35 to 560–710 lm). A non-uniform distri-
bution with most enzymes present in the outer region of particles
was found by infrared microspectroscopy with 560–710 and
120 lm diameter resins. In contrast, as the resin particle size wasFig. 2. Infrared microspectroscopy images of a series of MMA resins with different particl
2007a).decreased, the protein distribution became increasingly uniform
throughout resins (Fig. 2).
When the characteristics of the enzyme and support are com-
bined, some other features also inﬂuence the properties of the
immobilized enzyme.
The immobilization method and optimization of immobiliza-
tion conditions are also crucial for biocatalyst properties (pH, tem-
perature, time of immobilization, etc.), and therefore should be
chosen with special care (Zhang et al., 2010).
The rate of the enzyme-catalyzed reaction is greatly inﬂuenced
by mass-transfer effects. Due to mass transfer to, from and inside
the immobilized enzyme, micro and nano environments occure sizes (diameters: #1 = 600 lm, #2 = 120 lm, #3 = 75 lm, #4 = 35 lm) (Chen et al.,
130 N. Miletic´ et al. / Bioresource Technology 115 (2012) 126–135with different pH, concentration, etc. This effect arises from the
fact that an immobilized enzyme is bound to the support and
has a deliberate restricted mobility. It can affect the mobility of
the solutes as well. The solutes can be adsorbed to the support,
resulting in a reduced mobility which causes a decreased reaction
rate compared with soluble enzymes (Buchholz et al., 2005).5. Methods of immobilization
5.1. Support binding – support-bound enzymes
Support binding can be physical (such as hydrophobic, van der
Waals, and ionic interactions) or covalent in nature. Physical
adsorption is a simple and straightforward route for enzyme
immobilization, in which the enzyme is bound to a support by
hydrophobic, van der Waals or ionic interactions. It is often used
because of the ease and low cost of the procedure. A support is
added to an enzyme solution and after a few hours of mixing the
enzyme-support complex is ready. Secondly, physical adsorption
is reversible that enables the reuse of the support. Denatured en-
zymes can be removed from the support by changes in pH or ionic
strength of the reaction medium and it can be replaced with fresh
enzyme. However, hydrophobic and van der Waals bonding is gen-
erally too weak to keep the enzyme ﬁxed to the support under
industrial conditions of high reactant and product concentrations
and high ionic strength. Therefore, the leaking of enzyme upon
use can be expected, not all of the enzyme can be reused, and
the product might have to be puriﬁed. On the other hand, ionic
and covalent binding are generally stronger due to the ﬁrm bond-
ing between the enzyme and the support, which have the advanta-
ges that the biocatalysts do not suffer from desorption or leaching
of enzymes during catalytic reactions. Nevertheless, enhancement
of the bond strength between the enzyme and the support can
cause changes in the enzyme conformation, often into a less
favourable one, which can result in deactivation of the enzyme.
Moreover, if the enzyme is deactivated (or denatured), both en-
zyme and the support remained unusable.
Physical adsorption is best suited to immobilization of lipases
for use in organic solvents, such as commercial preparations of
immobilized CALB (Novozym 435, Chirazyme). Several different
supports were used for the physical adsorption of lipases: poly-
mers (Chen et al., 2007b; Santos et al., 2007), carbon nanoﬁbers
(Kovalenko et al., 2009), silica (Luckarift et al., 2004), Celite
(Vulfson et al., 2001).
Octadecyl-sepabeads (Mitsubishi Chemical Corporation) were
used to immobilize the lipases from C. antarctica (fraction B),Mucor
miehei and Candida rugosa via interfacial adsorption (Palomo et al.,
2002). The same lipases were immobilized on glyoxyl-agarose via
multipoint covalent attachment (see below). Lipases adsorbed on
octadecyl-sepabeads, as highly hydrophobic supports, exhibited a
clear hyper-activation compared to the soluble enzyme or other
types of derivatives. According to the authors, high activity is
caused by the hyper-activation of the lipase due to interfacial
adsorption to hydrophobic surfaces (Mateo et al., 2007a,b). The
closed form of the lipase, considered inactive since the active site
is isolated from the reaction medium by a polypeptide chain called
the lid, is favoured in solution. But when the lipase comes in contact
with a hydrophobic surface, the lid opens and the active site is fully
exposed to the reaction medium because of favorable interactions
and the enzyme remains in this open formation (due to the equilib-
rium state) that is responsible for an increase in enzyme activity.
The activity of physically adsorbed enzymes is strongly depen-
dent on the pH of the solution and working temperature. C. rugosa
lipase was immobilized on poly(N-methylolacrylamide) by physi-
cal adsorption (Santos et al., 2007). The highest productivity andactivity were obtained when working at the lowest level of tem-
perature. On the other hand, the immobilization procedure shifted
the optimum pH for the C. rugosa lipase to a more alkaline value.
The free lipase reached its maximum activity at pH 7.0, falling to
about 75% at pH 8.0, while the lipase poly(N-methylolacryla-
mide)-immobilized system showed its maximum activity at pH
values of 7.5–8.0, retaining about 90% of its maximum activity at
pH 8.5 (Fig. 3). This behavior has been well described in the liter-
ature and can be related to the partial opening of the lipase lid
upon immobilization.
Ionic binding is another simple non-covalent immobilization
technique. Enzymes can be bound to polysaccharide biopolymers
such as, dextran, agarose and chitosan. These polymer supports
may be functionalized with a variety of chemical groups to achieve
ionic interaction, including quaternary ammonium, diethylamino-
ethyl and carboxymethyl derivatives. This method has been ap-
plied commercially for glucose isomerase production of high
fructose syrup (Lalonde and Margolin, 2002). Alternatively func-
tionalized macroporous acrylic polymer resins such as Amberlite
FPC3500 (cationic) or FPA54 (anionic) can be used.
Covalent attachment is the most widely used method of en-
zyme immobilization, in which the enzyme is covalently bound
to a support. In immobilization through covalent attachment two
different global methods can be outlined: covalent attachment
via long spacer arms and covalent attachment via multipoint
attachments (Fig. 4). The spacer arm has the advantage of only
moderately restricting the enzymes conﬁguration, while the multi-
point attachment is supposed to have a higher stability.
Typically, the e-amino group of lysine (quite common amino
acid in proteins) is used as the point of covalent attachment, since
it is located on the protein surface, is relatively reactive and pro-
vides good bond stability (Krˇenkova and Foret, 2004). On the other
side, supports with epoxide groups are usually selected, since the
epoxide and amine groups can react under very mild conditions
and form stable bond (Mateo et al., 2007a,b).
Covalent immobilization was reported by several groups (Dyal
et al., 2003; Miletic´ et al., 2009a). Different supports are used for
immobilization and most of them are activated supports with a
high content of reactive groups, for example epoxy rings or acti-
vated carbonyl groups.
On the other hand, c-Fe2O3 magnetic nanoparticles can also be
used for the covalent immobilization of C. rugosa lipase (Dyal et al.,
2003). The advantage of magnetic particles is the easy separation,
simply by applying a magnetic ﬁeld and furthermore the small size
of the particles enables applications in biological systems.
Combination of physical adsorption and covalent linking is a
useful approach for lipase immobilization (Mateo et al., 2000).
The commercial epoxy support, Eupergit C, was modiﬁed with
different moieties (ethylenediamine, iminodiacetic acid, and m-
aminophenylboronic acid) in order to synthesize the bifunctional
supports, with moieties that were able to physically adsorb the en-
zymes (lipase from C. rugosa, penicillin G acylase from Escherichia
coli, and b-galactosidase from A. oryzae), and moieties that enable
covalent immobilization of the enzyme. In other words, the en-
zyme immobilization follows the two-step mechanism: (i) enzyme
physical adsorption via additional groups, introduced in the epoxy
support through the modiﬁcation; (ii) covalent linkages between
some nucleophilic groups of the adsorbed enzyme (e.g., amino,
thiol, or hydroxy groups) and the dense layer of nearby epoxy
groups on the support. This two-step covalent immobilization dra-
matically improves the very low reactivity of epoxy groups toward
non-adsorbed proteins. These bifunctional supports are suitable for
covalent immobilization of enzymes following the epoxy chemis-
try on any type of support (hydrophobic or hydrophilic ones) under
very mild experimental conditions (e.g., low ionic strength, neutral
pH values, and low temperatures).
Fig. 3. Inﬂuence of pH and temperature on hydrolytic activity of free and poly(N-methylolacrylamide)-immobilized C. rugosa lipases (Santos et al., 2007).
Fig. 4. Immobilization through covalent attachment: (A) via long spacer arm and (B) via multipoint attachment (Fernandez-Lorente et al., 2001).
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covalently immobilized enzymes. Lipase from Pseudomonas ﬂuores-
cens showed an increased enantioselectivity upon multipoint
covalent immobilization on glyoxyl-agarose. A 24 threefold
improvement in the enantioselectivity was reported. According
to the authors this increase is probably due to a distortion of the
enzyme structure, since the activity was decreased, or/and due to
an increase in rigidity of the enzyme, since the enzyme showed
an increased stability (Fernandez-Lorente et al., 2001).
In some cases, the relative activities with covalent attachment
are quite low. This can be explained by the fact that covalent bond-
ing between enzyme and support restrict chain mobility within
protein molecules and therefore conformational changes that are
essential during catalysis are disabled. However, despite this rather
low relative activity, immobilized enzymes with an activity
approximately the same as the free enzyme have the potential to
be used in industry. The costs saved by recovery and reuse of the
enzymes can compensate for the loss of activity.
5.2. Entrapment via inclusion
Another possibility of enzyme immobilization is entrapment via
inclusion, meaning that the enzyme is entrapped in a polymer net-
work such as an organic polymer or sol–gel. Entrapment protects
enzymes by preventing direct contact with the environment by
retaining the enzymes within a device or material, but has the
drawback of mass transfer limitations and low enzyme loading.
Furthermore, it does not completely prevent leaking, but it consid-
erably decreases it with regard to physical adsorption.
A common method of entrapment is through use of silica sol–
gel matrices formed by hydrolytic polymerization. This technique
is based on the production of silica matrices by acid or basecatalyzed hydrolysis of silane compounds. Immobilization of the
cutinase from Fusarium solani pisi, using the sol–gel matrices, pre-
pared with a combination of alkyl-alkoxysilane precursors of dif-
ferent chain-lengths, has been reported (Vidinha et al., 2006). It
was shown that the type and combination of silica precursors
had a great inﬂuence on cutinase activity (Fig. 5). When only tetra-
methoxysilane (TMOS) was used, no enzyme activity was ob-
served. When TMOS was combined with a similar monoalkylated
precursor, the enzyme activity increased with increasing alkyl
chain up to a certain point, decreasing from there on.
Reetz et al. have established a method that enables the immo-
bilization of lipases via inclusion in sol–gel materials. They studied
the effects that several parameters (water content, type and
amount of catalyst, variation of the precursor, etc.) have on the sta-
bility and enzyme activity. They have examined several lipases and
several sol–gel materials with and without additives (Reetz et al.,
1995).
The immobilization of enzymes by entrapment in sol–gel-
derived materials has turned out to be generally applicable to a
wide variety of lipases resulting in signiﬁcantly increased enzyme
activity in an organic medium. One likely reason for the unusually
high relative enzyme activity is the high dispersion of the lipase in
the sol–gel matrix. An additional factor may be a possible
interaction between the lipophilic domains of the lipases and the
hydrophobic regions of the organic/inorganic sol–gel matrix.
Enantioselectivity studies with sol–gel encapsulated lipases were
also performed (Reetz et al., 2003). Lipases (C. antarctica type B,
C. rugosa, M. miehei, Aspergillus niger, Burkholderia cepacia, P. ﬂuo-
rescens, C. rugosa type VII, Penicillium roqueforti, and Thermomyces
lanuginosa) were encapsulated in sol–gel materials produced by
the ﬂuoride-catalyzed hydrolysis of mixtures of tetramethyl ortho-
silicate (Si(OCH3)4) and alkylsilanes (RSi(OCH3)3). This involves
Fig. 5. Effect of precursor combination on the catalytic activity of cutinase in n-hexane at aW = 0.7 and T = 35 C. Precursors used: tetramethoxysilane (TMOS) and n-
alkyltrimetoxysilane (n-alkylTMS; M, methyl; P, propyl; B, n-butyl; OC, n-octyl). The reaction studied was the transesteriﬁcation of vinyl butyrate by (R,S)-2-phenyl-1-
propanol (Vidinha et al., 2006).
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the use of additives. All lipases tested showed signiﬁcantly im-
proved performance, although in two cases additive effects were
not observed. Hwang et al. (2011) fabricated organic–inorganic hy-
brid microspheres for a magnetically separable enzyme entrap-
ment system. These organic microspheres, obtained from
electrospraying followed by a modiﬁed sol–gel method, are com-
posed of PVP-alginate polymers blended and the crosslinked en-
zymes coated on the surfaces of magnetic beads. These enzyme
systems proved to be highly stable for more than 120 days with
about 75% of the initial activity preserved. Zhang et al. (2009) have
recently developed an elegant method of b-glucuronidase entrap-
ment and encapsulation in biomimetric alginate/protamine/silica
capsules. It was shown that the thermal and pH tolerance, storage
and recycling stability of encapsulated enzyme were signiﬁcantly
improved.
Enzyme entrapment is also possible with polymers which are
nor silicon-based. Glucose oxidase was entrapped in nano- and
microscale polyaniline particles (Nemzer et al., 2010). It was
shown that the ﬁnal morphology and optical properties are sensi-
tive to the relative amounts of polymer, solvent, cosolvent, ions,
and enzyme.5.3. Enzyme crosslinking
Support-free enzyme immobilization is possible using bifunc-
tional cross-linkers, such as glutaraldehyde, to bind enzymes to
each other without resorting to a support. Plenty of supportless
techniques are being developed, such as cross-linked dissolved en-
zymes (CLEs), cross-linked enzyme crystals (CLECs), cross-linked
enzyme aggregates (CLEAs), and cross-linked spray-dried enzyme
(CLSDs), being discriminated from each other only by the precur-
sors used for cross-linking.
Insoluble cross-linked enzymes systems (CLEs) were discovered
in the in the 1960s, by cross-linking of dissolved enzymes via reac-
tion of enzyme surface amine groups with a bifunctional chemical
cross-linker (Quiocho and Richards, 1966). Due to the plenty of
drawbacks (low activity retention, low mechanical stability, etc.),
this method was abandoned.Cross-linked enzyme crystals (CLECs) were ﬁrstly obtained also
in the 1960s, by cross-linking of crystalline enzyme by glutaralde-
hyde (Quiocho and Richards, 1964). CLECs are highly active immo-
bilized enzyme systems, with controllable particle size varied from
1 to 100 lm. Compared to the free enzyme powder, CLECs are
more stable to heat and organic solvents (Roy and Abraham,
2004). Due to the easy recycling and possible reusability, these bio-
catalysts are suitable for industrial application. Anyhow, this
immobilization method is only applicable for the highly puriﬁed
crystallisable enzymes, and moreover it is very costly method.
A simple and less-expensive method of cross-linking is the pre-
cipitating of enzymes by adding of salts, water-miscible organic
solvents or non-ionic polymers to aqueous enzyme solution, and
subsequent cross-linking the freshly formed aggregates, to form
particles of about 50–100 lm diameter, was developed by Cao
et al. (2003). CLEAs of penicillin acylase (Pchelintsev et al., 2009),
Pseudomonas putida nitrilase (Kumar et al., 2010), laccases (Mati-
jošyte˙ et al., 2010), etc. were reported.
Strategic procedure, so called ‘ship-in-a-bottle’ was employed
by Lee et al. (2009) to develop the CLEA of a-chymotrypsin in
superparamagnetic hierarchically ordered mesocellular mesopor-
ous silica (M-HMMS) (Fig. 6). The initial step is the enzyme adsorp-
tion in M-HMMS, resulting in a high degree of enzyme loading
within a short time. The second step is the glutaraldehyde treat-
ment, which crosslinks the adsorbed enzyme molecules to create
nanometer-sized CLEA within the pores of M-HMMS. Developed
CLEA of a-chymotrypsin is highly stable and active enzyme system
with an advantageous feature of magnetic separability.
Due to the relatively low activity (compared to the CLEAs,
CLECs, and support-bound immobilized enzymes) and the fact that
spray-drying process reversibly deactivates the enzymes, CLSDs
systems are not in the research focus.6. Supports
Since most of the immobilization methods require a support,
and the properties of the immobilized enzymes are strongly deter-
mined by the support used (Fig. 1), therefore immobilization
Fig. 6. Schematic diagram for crosslinked enzyme aggregates (CLEA) in superparamagnetic hierarchically-ordered mesocellular mesoporous silica (Lee et al., 2009).
N. Miletic´ et al. / Bioresource Technology 115 (2012) 126–135 133support should be selected deliberately. Broad range of different
materials can be used as immobilization support (Table 3).
Inorganic supports often obtain a greater stability than organic
supports, due to the higher inertness to the reaction conditions like
high pressure and temperature. On the other hand, abrasion can
occur in stirred vessels. Frequently used inorganic supports (silica,
silica derivatives, Celite, aluminum based supports) have been
extensively studied and developments have led to the application
on both laboratory and industrial scale (Vulfson et al., 2001;
Luckarift et al., 2004; Gao et al., 2009).
On the other hand organic supports from a natural source,
mostly polysaccharides, have the advantage of a great compatibil-
ity with the enzymes. Due to their hydrophilicity, they undergo
only weak interactions with the enzyme, leading to a minimal
inactivation, but unfortunately it also leads to poor binding and
therefore the materials often have to be functionalized. Also the
mechanical stability of these materials is rather weak which can
be increased by cross-linking. Agarose, cellulose derivatives, and
cross-linked dextrans are common used supports from a natural
source. Recently, Luo and Zhang (2010) have reported the immobi-
lization of penicillin G acylase in the magnetic cellulose porous
microspheres. It was shown that the spherical magnetic c-Fe2O3
nanoparticles were uniformly dispersed and embedded in the cel-
lulose substrate, and the structure and nature of c-Fe2O3 were per-
fectly conserved. The immobilized PGA exhibited highly effective
catalytic activity, thermal stability, and enhanced tolerance to pH
variations. Furthermore, the cellulose microspheres loaded with
the enzymes could be removed and recovered easily by introduc-
ing a magnetic ﬁeld, leading to an acceptable reusability.
Organic synthetic supports, mostly synthetic polymers, are
widely used as immobilization supports (Miletic´ et al., 2010a; Lane
et al., 2011). Acrylic resins such as Eupergit C are widely used as
supports. Eupergit C is a macroporous copolymer of N,N0-methy-
lene-bi-(methacrylamide), glycidyl methacrylate, allyl glycidyl
ether and methacrylamide, highly hydrophilic and stable over aTable 3
Frequently used immobilization supports.
Support Advantages Disadvantages
Inorganic supports Greater stability than organic
supports
Abrasion can o
Organic support from natural
sources
Good compatibility with
enzymes
Poor binding, w
Organic synthetic supports Custom-made supports Solid–liquid m
limitationwide pH range. A major drawback of Eupergit C is diffusion limi-
tations, the effects of which, as would be expected, are more pro-
nounced in kinetically controlled processes. Similarly, various
porous acrylic resins, such as Amberlite XAD-7 and Novozym
435, are used to immobilize enzymes. A disadvantage of immobili-
zation in this way is that, because it is not covalently bound, the
enzyme can be leached from the support in an aqueous medium.
A growing interest in copolymers as immobilization supports
can be observed, since by changing the ratio between the comono-
mers, the properties of the copolymer (hydrophilicity/hydropho-
bicity, amount of functional groups, mechanical properties,
porosity, etc.) can be desirable changed. Therefore custom-made
supports for enzyme immobilization for all kinds of different pur-
poses can be produced.
Macroporous copolymers can be obtained as spherical beads by
suspension copolymerization, or in the form of monoliths prepared
in an unstirred mold. Among other factors, the applicability of
macroporous copolymers to a great extent depends on their poros-
ity. For that reason, the knowledge of the mechanism of porous
structure formation and the ability of optimization of porosity
parameters (pore size distribution, speciﬁc pore volume, speciﬁc
surface area, and average pore diameter) is needed for designing
the copolymers with desired performances.
The termmacroporous copolymers designatematerials prepared
in the presence of a pore-forming agent (inert component, porogen),
having a permanent well-developed porous structure even in the
dry state (Seidl et al., 1967). As proposed by Kun and Kunin
(1968), the beads present agglomerate of microspheres (100–
200 nm). Each microsphere consists of smaller nuclei (10–20 nm),
which are often fused. Themost substantial contribution to the sur-
face area comes from the micropores with diameters smaller than
2 nm and bymesopores ranging from 2 to 50 nm. Largemacropores
with diameters over 50 nm, located in between agglomerates,
insigniﬁcantly inﬂuence the surface area. Macroporous structure
appears as a result of the phase separation, which occurs duringSamples
ccur in stirred vessels Silica and silica derivatives, Celite, aluminum based
supports
eak mechanical stability Polysaccharides
ass transfer, diffusion Synthetic polymers
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amounts of crosslinking monomer and inert component being a
low-molecular weight substance (good solvent, a poor solvent for
synthesized copolymer or binary mixture), or a linear polymer. An
inert component should be soluble in the organic phase and insolu-
ble in the aqueous phase, chemically inert towards the components
of the reaction mixture and easily extractable from the synthesized
copolymer.
When the inert component is a non-solvent for the synthesized
copolymer, phase separation takes place and the macroporous
structure is formed. On the other hand, in the presence of a good
solvent, two kinds of pore structure can be obtained – gel or
macroporous. At low content of the crosslinking agent, the ﬁnal
structure is expanded gel. If the crosslinking agent and dilution
degree are both high, a macroporous copolymer is obtained. In
the presence of binary mixture of solvent and non-solvent, the
formed copolymers have the intermediary characteristics.
The literature offers different approaches for explaining the pore
structure formation process. Some authors consider that the differ-
ences in the Hildebrand’s solubility parameters of the copolymer
and the inert component can be used as an indication of the inert
component inﬂuence on the porous structure of copolymers
(Ahmed et al., 2004). Multiparameter approaches (like Hansen’s
three-dimensional solubility parameter) are considered as much
more successful, although they suffer from interpretation complex-
ity and graphic difﬁculty of displaying the dependent variable as a
fourth dimension in the space. Nevertheless, it was observed that
difference in porous structure of formed copolymers cannot be
explained merely on the basis of the single- or multiparameter ap-
proaches. The reason is that properties of components of the system
change continuously during the copolymerization (Jovanovic´ et al.,
1996). Since the monomers are consumed, only the inert compo-
nent remains as the liquid component, shifting the overall solubility
of the monomer-inert component mixture.
Apart from poly(styrene-co-divinyl benzene) copolymers,
which have been studied in details for several decades, the macro-
porous morphology and formation of porous structure have been
investigated for glycidylmethacrylate based copolymers cross-
linked with DVB or various methacrylates (Horák et al., 1981;
Jovanovic´ et al., 1996; Ferreira et al., 2003; Wang et al., 2007).
Horák et al. (1981) were ﬁrst to show that macroporous poly(glyc-
idyl methacrylate-co-ethylene glycol dimethacrylate) [poly(GMA-
co-EGDMA)] can be obtained by suspension copolymerization
when an inert component (mixture of cyclohexanol as solvent
and dodecanol as non-solvent for copolymer) is present in the
monomer mixture. Later on, it was showed that instead dodecanol,
other aliphatic alcohols (like tetradecanol and hexadecanol) could
be used in mixture with cyclohexanol in order to obtain macropo-
rous poly(GMA-co-EGDMA) (Jovanovic´ et al., 1996). As a general
rule, the porous structure of poly(GMA-co-EGDMA) can be con-
trolled by the type and the amount of the inert component and
the type and the amount of crosslinking monomer in the reaction
mixture.
Due to their controllable porosity, hydrophilicity, chemical sta-
bility, and possibility of surface chemistry tailoring by introducing
of various functional groups, macroporous GMA based copolymers
were successfully used as heavy metals (Nastasovic´ et al., 2009)
and textile dye sorbents (Sandic´ et al., 2011), chromatography
stationary phases (Ferreira et al., 2003) as well as for enzyme
immobilization (Miletic´ et al., 2009a,b, 2011).
Another option for efﬁcient enzyme immobilization using
copolymeric systems is electro spinning. Dai et al. (2011) covalently
immobilized CALB onto the poly[acrylonitrile-co-(glycidyl methac-
rylate)] (PANGMA) nanoﬁbrous mats fabricated by electrospinning,
and observed signiﬁcantly increased activity compared with free
enzyme powder. The authors observed that the morphology ofthe nanoﬁbers remains uniform and the structure of nanomat
remains complete after CALB immobilization reaction. Moreover,
some small agglomerations of CALB on the surface of the nanoﬁbers
after enzyme immobilization are clearly visible.
Variation in comonomer composition of epoxy-activated poly-
mer ﬁlms composed of poly(glycidyl methacrylate/butyl methac-
rylate/hydroxyethyl methacrylate) were prepared, in order to
explore the relationships between surface wettability and CALB
binding to surfaces (Chen et al., 2008).7. Concluding remarks
Enzymatic polymerizations are an emerging research area with
not only enormous scientiﬁc and technological promise, but also a
tremendous impact on environmental issues. It can be envisioned
that the whole spectrum of polymeric materials from commodity
plastics to specialized functional macromolecules will beneﬁt from
these new synthesis methods. As many of the polymeric materials
used today and in the future are not water soluble, the biocatalysts
used for their synthesis will need to be immobilized to sustain the
enzymatic activity. New immobilization routes and supports have
to be designed to allow large scale production of polymers via this
route.Acknowledgement
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